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Autophagy is a membrane trafficking pathway 
that sequesters proteins and organelles into au- 
tophagosomes. The selectivity of this pathway is 
determined by autophagy receptors, such as the Pichia 
pastoris autophagy-related protein 30 (Atg30), which 
controls the selective autophagy of peroxisomes (pexoph- 
agy) through the assembly of a receptor protein complex 
(RPC). However, how the pexophagic RFC is regulated 
for efficient formation of the phagophore, an isolation 
membrane that sequesters the peroxisome from the cy- 
tosol, is unknown. Here we describe a new, conserved 



acyl-CoA-binding protein, Atg37, that is an integral 
peroxisomal membrane protein required specifically for 
pexophagy at the stage of phagophore formation. Atg30 
recruits Atg37 to the pexophagic RPC, where Atg37 
regulates the recruitment of the scaffold protein, Atgl 1 . 
Palmitoyl-CoA competes with Atg30 for Atg37 binding. 
The human orthologue of Atg37, acyl-CoA-binding do- 
main containing protein 5 (ACBD5), is also peroxisomal 
and is required specifically for pexophagy. We suggest 
that Atg37/ACBD5 is a new component and positive 
regulator of the pexophagic RPC. 



Introduction 

Autophagy is a major degradative pathway by which cytosol 
and organelles are delivered to the lytic compartment (the lyso- 
some in mammals or the vacuole in yeasts) for the degrada- 
tion and recycling of constituent components. Macroautophagy, 
the most commonly studied mode of autophagy, comprises a se- 
ries of dynamic membrane-reamngement reactions that lead to 
the formation of double-membrane vesicles — autophagosomes — 
that engulf the cargo destined for lysosomal degradation. 
Autophagosome formation is mediated by a core set of au- 
tophagy-related (Atg) proteins that organize the phagophore 
assembly site, from which the phagophore, a membrane inter- 
mediate in autophagosome formation, expands (Nakatogawa 
et al., 2009; Yang and Klionsky, 2009). Although autophagy is 
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generally considered to be nonselective, there are many types 
of selective autophagy, e.g., pexophagy, where specific cargo, 
peroxisomes in this case, are recognized by the pexophagic re- 
ceptor protein complex (RPC) and sequestered within a special- 
ized autophagosome, the pexophagosome (Kraft et al., 2009; 
Mijaljica etal, 2012). 

Peroxisomes are ubiquitous organelles that play an essen- 
tial role in the metabolism of lipids and reactive oxygen species 
(Wanders et al., 2010; Titorenko and Terlecky, 2011). Peroxi- 
some homeostasis is achieved by balancing peroxisome prolif- 
eration and pexophagy (Schrader et al., 2012; Till et al., 2012). 
Even mild defects in peroxisome proliferation cause pathologi- 
cal conditions commonly referred to as peroxisome biogenesis 
disorders (PBDs; Ebberink et al., 2010, 2012). Loss of per- 
oxisomes also contributes to the pathogenesis of Alzheimer's 
disease (AD), whereas peroxisome proliferation protects from 
neurodegeneration and reduces various neuropathological mark- 
ers of AD (Santos et al., 2005; Kou et al., 201 1; Inestrosa et al.. 
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2013). Patients with mild forms of PBD or AD with partially 
dysfunctional or less abundant peroxisomes could potentially 
benefit from the inhibition of basal pexophagy. However, very 
little is known about regulation of pexophagy in mammalian 
cells (Till et al, 2012; Nordgren et al., 2013). 

Three pexophagy receptors tag peroxisomes for deg- 
radation: Pichia pastoris Atg30, Saccharomyces cerevisiae 
Atg36, and mammalian NBRl (Farre et al, 2008, 2013; Modey 
et al., 2012; Deosaran et al., 2013). Although yeast Atg30 and 
Atg36 are strictly pexophagy-specific, mammalian NBRl is 
also required for aggrephagy, midbophagy, and endocytic traf- 
ficking (Kirkin et al., 2009; Mardakheh et al., 2009, 2010; 
Kuo et al., 2011). Therefore, mammalian proteins control- 
ling pexophagy, but not other types of selective autophagy, 
are unknown. Here, we describe a novel pexophagy-specific 
protein, Atg37/acyl-CoA-binding domain containing protein 5 
(ACBD5), conserved from yeast to human. Atg37 is a peroxisome 
membrane-associated acyl-CoA-binding protein, which is spe- 
cifically required for phagophore formation during pexophagy. 
Atg37 is recruited to the pexophagic RFC by Atg30 to promote 
the interaction of Atg30 with Atgll. Palmitoyl-CoA competes 
with Atg30 for Atg37 binding. Therefore, Atg37 is a new impor- 
tant component and positive regulator of the pexophagic RPC. 
ACBD5 is the first mammalian protein to be described that is 
specific to pexophagy. 

Results 

At:g37 is an in'fcegral peroxisomal 
membrane protein CPiVIP] fehat 
binds Pex3 

Pex3 is a PMP that engages peroxisomes in a range of peroxisome- 
related pathways, including pexophagy (Farre et al., 2008; 
Motley et al., 2012). To identify new proteins controlling per- 
oxisome homeostasis, we purified a functional Pex3-TAP fu- 
sion protein from wild-type (WT) P. pastoris cells grown under 
peroxisome proliferation conditions (methanol medium). The 
Pex3-associated proteins were identified by multidimensional 
protein identification technology (Paoletti et al., 2004). One of 
the top hits was a 409-aa hypothetical protein, CAY71862, which 
we named Atg37. 

Coimmunoprecipitation experiments confirmed the asso- 
ciation of Atg37 with Pex3, but not significantly with other per- 
oxins tested (Fig. 1 A). The higher molecular weight species of 
Atg37-HA detected by immunoblotting represent phosphory- 
lated forms of the protein, as indicated by their sensitivity to 
phosphatase treatment, similar to phosphorylated forms of 
Pexl4 (Johnson et al., 2001; Fig. SI A). In the yeast two-hybrid 
(Y2H) system, Pex3 interacted with Atg30 (Farre et al., 2008), 
but not with Atg37. We tried several truncations of Atg37, such 
as Atg37 AC (aa 1-278), Atg37- 1 3 1 C (aa 279-409), and Atg37- 
80C (aa 330-409), but none of them interacted with Pex3 in the 
Y2H system (Fig. SI B). However, the in vitro protein binding 
assays with Glutathione Sepharose beads demonstrated that 
purified His-Atg37AC was pulled down with GST-Pex3AN 
(aa 41^55, corresponding to the cytosolic domain), but not with 
GST (Fig. 1 B). Therefore, Atg37 directly binds Pex3. 



Like Pex3 (Wiemer et al., 1996), Atg37-HA was pelleted 
in the organelle membrane fraction (27P) and was resistant to 
carbonate extraction (Fig. 1 C). In contrast, the peroxisomal 
matrix protein, thiolase, was completely solubilized from the 
organelle pellet by carbonate, as expected. Atg37-GFP com- 
pletely colocalized with Pex3-mRFP on the peroxisomal mem- 
branes in WT or on the ER-associated peroxisome remnants in 
Apexl9 cells, which are affected at an early stage of peroxisome 
biogenesis (Snyder et al., 1999; Fig. 1 D). We conclude that 
Atg37 is a new integral PMP. Consistent with this conclusion, 
deletion of the predicted transmembrane domain (TMD; aa 
290-339) mislocalized Atg37-GFP to the cytosol (Fig. 1 E). 

AtgST is required for pexopKiagy at: the 
stage of pl-iagaphore formation 

To gain insight into the function of Atg37, we studied its expres- 
sion profile. Like many peroxins, Atg37 was repressed in glucose 
and ethanol media, but induced under peroxisome proliferation 
conditions in methanol and oleate media (Fig. 2 A). While cells 
lacking most peroxins, such as \pex3 cells, fail to grow under 
peroxisome proliferation conditions, Aatg37 cells grew normally 
in both methanol and oleate media (Fig. 2, B and C), which sug- 
gests that Atg37 is not required for peroxisome biogenesis. We 
hypothesized that it might be required for pexophagy. 

There are two modes of pexophagy: glucose-induced mi- 
cropexophagy and ethanol-induced macropexophagy (Tuttle and 
Dunn, 1995). Both micropexophagy and macropexophagy were 
severely affected in Aatg37 cells, as deduced from the high resid- 
ual activity of the peroxisomal enzyme, alcohol oxidase (AOX), 
after the transfer of cells from methanol to glucose or ethanol 
plates, respectively (Fig. 2, D and E). At the same time, deletion 
of another PMP, Pmp47, did not interfere with pexophagy. As 
in Aatgl cells (Str0mhaug et al, 2001; Mukaiyama et al., 2002; 
Komduur et al, 2003), peroxisomes were not delivered to the 
vacuole in Aatg37 cells during either micropexophagy or macro- 
pexophagy (Fig. 2, F and G). 

Many Atg proteins are involved in distinct steps of phago- 
phore formation. During micropexophagy, the phagophore is a 
terminal membrane structure called the micropexophagic appa- 
ratus (MIPA; Mukaiyama et al., 2004). During macropexophagy, 
the phagophore expands until it closes into the double-membrane 
pexophagosome (Mukaiyama et al., 2004). Using GFP-Atg8, 
which marks both the structures (Mukaiyama et al., 2004), we 
found that Atg37 is essential for both MIPA and pexophagosome 
formation, like the peroxisome receptor, Atg30 (Farre et al., 2008; 
Fig. 2, H and I). These results were independently confirmed with 
another MIPA marker, GFP-Atg26 (Oku et al, 2003). In contrast 
to WT, Aatg37 cells failed to form GFP-Atg26-labeled MIPA, 
similar to the strain devoid of Atg8, which is essential for MIPA 
formation (Mukaiyama et al., 2004; Fig. SI C). Collectively, 
Atg37 is essential for phagophore formation during pexophagy. 

Atg37 is dispensable for the cytoplasm- 
to-vacuole targeting CCvtl pathway and 
nonselective autophagy 

Despite a strong defect in pexophagy, Aatg37 cells were not 
affected in the maturation of the precursor of aminopeptidase I 
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Figure 1 . Atg37 is an integral PMP diet binds Pex3. (A] Pex3 coimmunoprecipitates with Atg37. IP, immunoprecipitate. Cells were induced in methanol 
medium for 4 h. (B) Atg37AC binds Pex3AN in vitro. I, input; U, unbound; P, pull-down. (C) Atg37 is an integral membrane protein. PNS, postnuciear 
supernatant; 27S, 27,000 g supernatant; 27P, 27,000 g pellet; S, 200,000 g supernatant; P, 200,000 g pellet. (D) Atg37 localizes to the peroxisomal 
membranes (in WT) or ER-associated peroxisome remnants labeled with Pex3-mRFP (in Apex/ 9). DIC, differential interference contrast. Bar, 5 fjm. (E) The 
TMD is essential for peroxisomal localization of Atg37. SKL, Ser-Lys-Leu, a peroxisomal targeting signal. Bar, 5 pm. 



(prApel) under both growth and starvation conditions (Fig. 3 A). 
At the same time, Aatgll cells were blocked in the maturation 
of prApel only under growth conditions, \atg28 cells showed 
partial maturation of prApel under both growth and starva- 
tion conditions, and pep4 prbl cells, deficient in the vacuolar 
proteases A and B, were completely blocked in the maturation 
of prApel under both growth and starvation conditions, as ex- 
pected (Farre et al., 2007; Nazarko et al., 2009). These results 
show that Atg37 is not required for the Cvt pathway and non- 
selective autophagy. 

To examine the nonselective autophagy in Aatg37 cells 
in greater detail, we also studied cell survival and GFP-Atg8 
processing under starvation conditions. In contrast to AatgS 
(Farre et al., 2010), the Aatg37 cells retained viability during 
prolonged nitrogen starvation, like WT cells (Fig. 3 B). Au- 
tophagy rates measured in AargJ7 cells by processing of GFP- 
Atg8 to GFP were also normal (Fig. 3 C). At the same time, 
Aatgl cells did not process GFP-Atg8 to GFP, as expected 



(Nazarko et al., 2009). Therefore, Atg37 is indeed dispensable 
for autophagy. 

Overexpression of At:g37 does not 
interfere with pexopKiagy 

Because overexpression of Atg30 induces pexophagy even 
under peroxisome proliferation conditions and slows down the 
growth of cells (Farre et al., 2008), we tested whether Atg37 
behaved similarly. Overexpression of Atg37-GFP from the pro- 
moter of the GAPDH gene neither induced pexophagy, judged 
by the levels of Pex3 and Pexl2 (Fig. 4 A), nor retarded the 
growth of cells (Fig. 4 B) in methanol medium. 

We also addressed the effect of Atg37 overexpression 
under pexophagy conditions. Endogenous expression of either 
N-terminal (GFP-Atg37) or C-terminal (Atg37-GFP) fusions 
of Atg37 and GFP complemented the pexophagy defect of the 
Aatg37 mutant, measured by the restoration of the AOX pro- 
tein degradation (Fig. 4 C). Comparable complementation was 
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Figure 2. Atg37 is required for pexophagy at the stage of phagophore formation. (A) Atg37 is expressed strictly under peroxisome proliferation condi- 
tions. Glc, glucose medium; Eth, ethanol medium; Mth, methanol medium; Ole, oleate medium; Flp, loading control. (B and C] Atg37 is dispensable for 
peroxisome biogenesis. Peroxisome biogenesis was assessed by the growth of strains in methanol (B) and oleate (C) medio. The data shown are from a 
single representative experiment out of two repeats. (D and E) Atg37 is required for micropexophagy (D] and macropexophagy (E). Cells were replica 
plated from methanol to glucose and ethanol plates, respectively. The residual activity of AOX was used to assess pexophagy. (F and G) Atg37 is needed 
for the delivery of peroxisomes to the vacuole during micropexophagy (F) and macropexophagy (G). Methanol-grown cells were adopted to glucose and 
ethanol media, respectively. FM 4-64 labeled vacuolar membranes. Arrows point to the WT vacuoles with the peroxisome-associated GFP-SKL. Bars, 5 pm. 
(H and I) Atg37 is essential for MlPA (H) and pexophagosome (I) formation during micropexophagy and macropexophagy, respectively. Methanol-grown 
cells were adopted to glucose and ethanol media. Arrows point to MlPA (H) and pexophagosome (I] in the WT cells. Bars, 5 \im. 



also achieved with corresponding fusions overexpressed from 
the promoter of the GAPDH gene, despite a dramatic overabun- 
dance of the fusion proteins (Fig. 4 C, right). Moreover, both 
pexophagy modes were equally unaffected by Atg37 overex- 
pression, as overexpression of GFP-Atg37 from the promoter 
of the GAPDH gene did not interfere with AOX inactivation in 
WT cells and rescued AOX inactivation in the Aatg37 mutant, 
after the transfer of cells from methanol to glucose or ethanol 
plates (Fig. 4 D). Therefore, overexpression of Atg37 does not 
interfere with pexophagy. 

AtgST binds and requires AtgSa far 
proper localization 

The involvement of Atg37 in pexophagy prompted us to exam- 
ine its interactions under pexophagy conditions. Atg37 was still 
associated with Pex3, but not with other peroxins tested, in coim- 
munoprecipitation experiments (Fig. S2 A). Despite the fact that 



the Atg37 sequence has three potential Atg8 family-interacting 
motifs (AIMs; aa 25-28, 119-122, and 198-201), Atg37-HA 
did not coimmunoprecipitate with mCheiTy-AtgS (Fig. S2 B). 
In the Y2H system, we identified Atg37AC self-interaction, 
which was as strong as the control interaction between Pexl9 
and Pex34, but did not detect any interaction of Atg37AC and 
Atg8 or truncated Atg8 (Atg8AC, aa 1-1 15), which was used in 
the Atg30-Atg8 interaction studies (Farre et al., 2013; Fig. S2 C). 
These results are consistent with the multiple sequence align- 
ment of Atg37 orthologues showing that none of the three AIMs 
in the P. pastoris protein are conserved (Fig. S3). 

The similar localization and function of Atg37 and the 
pexophagy receptor, Atg30, implied that these proteins might 
work together. Indeed, Atg37-GFP coimmunoprecipitated with 
Atg30-HA under pexophagy conditions (Fig. 5 A), and Atg37AC 
interacted with Atg30 in the Y2H system (Fig. 5 B). Because 
Atg30 and Atg37 interacted and were both PMPs, we tested 
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Figure 3. Atg37 is dispensable for the Cvt pathway and nonselective outophagy. (A] Atg37 is not required for the maturation of prApel . Cells were 
grown in glucose medium ("Growth"] and then adapted to glucose medium without nitrogen for 6 h ("Starvation"). mApel , mature Apel ; *, nonspecific 
band. (B) Atg37 is dispensable for cell survival during nitrogen starvation. Aliquots of cultures starved in glucose medium without nitrogen were plated 
on YPD medium. The number of cells able to form colonies was counted after 2-3 d of incubation. The data shown are from a single representative 
experiment out of two repeats. (C) Atg37 is not required for GFP-Atg8 processing by outophagy. Glucose-grown cells were adapted to glucose medium 
without nitrogen (SD-N). 



if they played a redundant role in peroxisome biogenesis. 
However, normal growth of the AatgSO Aatg37 double mutant 
under peroxisome proliferation conditions (Fig. 2, B and C) 
excluded this possibility. Although Atg30 also binds Pex3 



(Farre et al., 2008) and could potentially bridge the Atg37 
and Pex3 interaction in vivo, Pex3 still coimmunoprecipitated 
with Atg37-HA in the Aatg30 mutant under both peroxisome 
proliferation (Fig. 5 C) and pexophagy (Fig. 5 D) conditions. 
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Figure 5. Atg37 binds and requires AtgSO for proper localization. (A) Atg37 coimmunoprecipitates with Atg30. Methanol-grown cells were adapted to 
glucose medium for 0.5 h to induce pexophagy. (B) Atg37AC (BD-37AC) interacts with Atg30 (AD-30) in Y2H. 3-AT, 10 mM 3-amino-l ,2,4-triazole; AD, 
activation domain; BD, DNA binding domain. (C and D) Atg30 does not bridge the interaction between Pex3 and Atg37. Pex3 still coimmunoprecipitated 
with Atg37 in the absence of Atg30 under both peroxisome proliferation (C) and pexophagy (D) conditions. (E) Atg37 is not required for peroxisomal lo- 
calization of Atg30. Cells were grown in methanol medium. Bar, 5 pm. (F] Atg30 is required for localization of Atg37 at the peroxisome cluster periphery. 
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reaffirming a direct interaction between Atg37 and Pex3 
in vivo. 

Next, we examined the localization of Atg30-GFP and 
Atg37-GFP independently under peroxisome proliferation 
conditions, and found that the peroxisomal localization of 
Atg30-GFP was unaffected in the Aatg37 mutant (Fig. 5 E). 
In contrast, the localization of Atg37 to the peroxisome cluster 
periphery depended on Atg30: the Atg37-GFP was often mis- 
localized to the middle of the peroxisome cluster in the \atg30 
mutant (Fig. 5, F and G). Z slices of peroxisome clusters in 
AatgSO cells confirmed the accumulation of Atg37-GFP in 
the middle of the peroxisome cluster (Fig. 5 H). Because WT 
and AatgSO mutant cells had comparable levels of Atg37-HA 
under peroxisome proliferation conditions (Fig. 5 C, Input), 
the accumulation of Atg37-GFP in the middle of the peroxi- 
some cluster in AatgSO cells could only be explained by an 
aberrant redistribution of Atg37-GFP from the peroxisome 
cluster periphery. Together, these results suggest that Atg30 
keeps Atg37 at the periphery of the peroxisome cluster, where 
phagophore formation is initiated. 



AtgSa requires Abg37 for recruitment: of 
Atg"!"! to tKie pexopKiagic RPC 

Formation of the phagophore around the peroxisome is a multi- 
step process initiated by the pexophagy receptor, Atg30, via for- 
mation of the RPC. To find the role of Atg37 in this process, we 
first positioned the function of Atg37 relative to Atg30. As men- 
tioned above, overexpression of Atg30 can induce pexophagy in 
methanol medium, which is disadvantageous for cell growth 
due to the degradation of peroxisomes required for methanol 
utilization (Farre et al., 2008). We found that Atg37 is required 
for this process, as the levels of Pex3, Pexl2, and even of Atg30- 
GFP itself were considerably higher in the Aatg37 mutant than 
in WT cells, when Atg30-GFP was overexpressed from the pro- 
moter of the GAPDH gene (Fig. 6 A). Deletion of the ATG37 
gene also improved the growth of the strain overexpressing 
Atg30-GFP in methanol medium (Fig. 6 B), which suggests that 
Atg37 acts downstream of Atg30 in pexophagy. 

To form the RPC, Atg30 must recruit two autophagic scaf- 
fold proteins, Atgl 1 and Atgl7, to the periphery of the peroxisome 
cluster (Fan^e et al., 2008). We tested if Atg37 was required at this 
step of the pexophagic RPC formation by coimmunoprecipitation. 
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Figure 6. Atg30 requires Atg37 for recruitment of Atgl 1 to the pexophoglc RPC. (A) Atg37 is required for pexophagy induced by the overexpression 
of Atg30. (B) Atg37 is necessary for the growth suppression in methanol medium caused by the overexpression of AtgSO. The data shown are from a 
single representative experiment out of two repeats. (C) Atgl 1 does not coimmunoprecipitate with AtgSO in the absence of Atg37. Methonol-grown cells 
were adapted to the glucose medium without nitrogen for 0.5 h. The results are presented for two independent colonies of Aatg37. *, nonspecific band. 
(D] Atg37 is required for the AtgSO-dependent localization of Atgl 1 to the proximity of peroxisomes. Methanol-grown cells were adapted to the glucose 
medium without nitrogen for 1 h. Arrows point to the accumulation of GFP-Atgl 1 near the peroxisomes in WT cells and on the vacuolar membrane in the 
mutant cells. Bar, 5 pm. 



Under pexophagy conditions, Pex3, FLAG- Atgl 1, and GFP- 
Atgl 7 coimmunoprecipitated with Atg30-TAP in Aypt7 cells 
(Fig. 6 C), similar to coimmunoprecipitation of these proteins 
with Atg30-TAP in \atg26 cells (Farre et al., 2008). Whereas de- 
letion of the ATG37 gene did not affect the ability of Atg30-TAP 
to pull down Pex3 and GFP-Atgl 7, the pull-down of FLAG- 
Atgl 1 was severely impaired in two independent colonies of the 
\ypt7 Aatg37 double mutant (Fig. 6 C). Moreover, GFP-Atgl 1, 
which normally tags the peroxisomes during pexophagy in WT 
cells, did not colocaUze with the peroxisomes in Aatg37 cells, as 
in AalgSO cells (Fig. 6 D). Therefore, we conclude that Atg37 
regulates the recruitment of Atgl 1 to the pexophagic RPC. 

At:g37 binds palmitoyl-CoA, which 
competes with AtgSO for binding to Atg37 

Sequence analysis of domains in Atg37 revealed a highly con- 
served acyl-CoA-binding domain (aa 5-102) at its N terminus. 
We first determined the topology of Atg37 in the peroxisomal 
membrane. Protease protection analyses of the organelle frac- 
tions containing N- or C-terminal GFP-tagged versions of Atg37 
showed that the GFP N terminus was sensitive to proteases, 
like the integral PMP, Pexl2 (Kalish et al., 1996), whereas the 
C-terminal GFP was resistant to proteases, like the intraperoxisomal 
peroxin, Pex8 (Zhang et al., 2006; Fig. 7 A). Therefore, the 



N terminus of Atg37 faces the cytosol, whereas the C terminus 
faces the peroxisomal matrix. 

Because the acyl-CoA-binding activity on the cytosolic 
side of the peroxisomal membrane could potentially affect 
phagophore formation, we examined whether Atg37 could 
bind the acyl-CoA. Using an in vitro binding assay, we dem- 
onstrated that His-Atg37AC bound palmitoyl-CoA, but not 
oleoyl-CoA (Fig. 7 B). The acyl-CoA binding of Atg37AC 
depended on the acyl-CoA binding site (ACBS; aa Y40 and 
K44), as the Y40F K44A mutant of Atg37AC (acbs) was se- 
verely affected in the palmitoyl-CoA binding (Fig. 7 C). Nota- 
bly, GST-Atg30 was not able to bind palmitoyl-CoA and served 
as a negative control. We conclude that Atg37 is a functional 
acyl-CoA-binding protein. 

To uncover a role for acyl-CoA binding, we tested how 
the mutation of the ACBS affected the Atg37AC protein-protein 
interactions. Using the protein in vitro binding assay, we found 
that the acbs mutant of His-Atg37AC was pulled down with GST- 
Pex3AN, like the WT His-Atg37AC protein (Fig. 7 D). However, 
the pull-down of the acbs mutant of His-Atg37AC with GST- 
Atg30 was severely affected (Fig. 7 E), which suggests that the 
ACBS might either overlap with, or influence, the Atg30 bind- 
ing site (30BS). In the former case, palmitoyl-CoA and Atg30 
would compete for Atg37AC binding. To check whether such a 
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Figure 7. Atg37 binds palmitoyl-CoA, which competes with Atg30 for binding to Atg37. (A) The acyl-CoA-binding domain of Atg37 faces the cytosol. 
The organelle pellet, 27P, was subjected to proteinase K and trypsin treatment. TXl 00, Triton X-1 00. Arrow points to the protease-protected C-terminal GFP 
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Figure 8. ACBS/30BS is required for Atg37 localization 
and phagophore formation. (A) The ACBS/30BS is required 
for proper localization of Atg37. Arrows point to the peroxi- 
some clusters with accumulation of Atg37-GFP in the middle. 
Bar, 5 (jm. (B) Quantitation of data in A. The data shown are 
from a single representative experiment out of three repeats. 
(C and D) The ACBS/30BS of Atg37 is also necessary for 
phagophore formation (C] and pexophagy (D]. Methanol- 
grown cells were adapted to glucose medium (C) or etha- 
nol medium without nitrogen (D; SE-N). Arrows point to the 
MIPA. Bar, 5 pm. 



competition really exists, we compared the effects of adding in- 
creasing concentrations of palmitoyl-CoA on GST-Atg30 bind- 
ing to His-Atg37AC (Fig. 7 F). At 36 nM, palmitoyl-CoA started 
to iniiibit and, at 360 |jM, palmitoyl-CoA completely inhibited 
this protein-protein interaction. Therefore, palmitoyl-CoA and 
Atg30 compete for the same binding site on Atg37. 

ACBS/SOBS is required for At:g37 
localizatiion and phagophore format:ion 

As stated earlier, Atg30 keeps Atg37 at the periphery of the per- 
oxisome cluster. Then, the prediction would be that the ACBS/ 
30BS mutant of the Atg37-GFP protein should be mislocalized 
to the middle of the peroxisome cluster, like the WT Atg37-GFP 
in the Aatg30 strain (Fig. 5, F and G). Indeed, the acbs mutant of 
Atg37-GFP was often found redistributed from the peroxisome 
cluster periphery to the middle (Fig. 8, A and B). Therefore, the 
ACBS/30BS is required for proper localization of Atg37. 

Because phagophore formation is normally initiated at 
the periphery of the peroxisome cluster, redistribution of the 
acbs mutant of Atg37 protein to the middle could potentially 
affect phagophore formation and pexophagy rates. We found 
that the A.atg37 strain complemented with the acbs mutant of 
Atg37-GFP did not form the MIPA, whereas the mCherry- 
Atg8-labeled MIPAs were readily identifiable in the Aatg37 
strain complemented with the WT Atg37-GFP (Fig. 8 C). As a 
result, the A.atg37 strain complemented with the acbs mutant of 
Atg37-HA was severely affected in pexophagy, comparable to 
the Aatg37 strain (Fig. 8 D). We conclude that the ACBS/30BS 
is essential for phagophore formation during pexophagy. 



ATG37/ACBD5 is essential for pexophagy 
in human cells 

The mammalian orthologue of yeast Atg37 is ACBD5 (Fig. S3). 
Acbd5 was identified in two proteomic studies of rat liver and 
mouse kidney peroxisomes (Kikuchi et al., 2004; Wiese et al., 
2007). To assess the localization of human ACBD5, we ex- 
pressed the peroxisomally targeted mRFP-Ser-Lys-Leu (SKL) 
in HeLa cells and immunostained them for ACBD5. The dot- 
like structures labeled with anti-ACBD5 antibody completely 
overlapped with the mRFP-SKL-labeled peroxisomes, proving 
that ACBD5 localizes to peroxisomes (Fig. S4 A). Besides the 
sequence similarity and peroxisomal localization, P. pastoris 
Atg37 and human ACBD5 also share the same domain archi- 
tecture with a predicted N-terminal acyl-CoA-binding domain 
(aa 8-96 in ACBD5) and C-terminal TMD (aa 458-480 in 
ACBD5). Based on the evidence presented above, we conclude 
that ACBD5 is the structural orthologue of PpAtg37 in human. 

Next, we addressed the functional role of human ACBD5. To 
measure pexophagy in human cells, we used the tandem fluoro- 
chrome pexophagy assay with mRFP-EGFP-SKL as a reporter. 
It is based on the same principle as the recently published 
RG-lysosome pexophagy assay with EGFP-mCherry-TMDpEX26 
(Deosaran et al., 2013). In both assays, the "red-green" peroxi- 
somal reporter becomes "red only" after the deUvery of the per- 
oxisome to the lysosome, whose pH is acidic and causes 
quenching of the EGFP fluorescence. In the control treatment of 
HeLa cells with a nontargeting pool of siRNAs, we could read- 
ily detect the cells containing autolysosomes with acid-resistant 
mRFP fluorescence (Fig. 9, A and B). However, the cells treated 
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Figure 9. ATG37/ACBD5 is essential for pexophagy in human cells. (A and C] ACBD5 is needed for the delivery of peroxisomes to the lysosorres in hIeLa 
(A) and Ntera-2 (C] cells expressing peroxisomcily targeted mRFP-EGFP-SKL. Arrows point to the cutoiysosomes with acid-resistant mRFP fluorescence. Bars, 
1 0 pm. (B) Quantitation of data in A. The percentage of cells with mRFP-labeled autolysosomes is shown as the mean + SD (error bars; n > 50; *, P < 0.05 
vs. control siRNA). (D) Quantitation of data in C. The ratio of mRFP and EGFP intensities per cell reflects the occurrence of pexophagy and is presented as 
the mean + SD (error bars; n > 10 images; *, P < 0.05 vs. control siRNA). 



with either siATG7 or siACBDS did not display such "red only" 
structures, which suggests that, like ATG7, ACBD5 is required 
for the autophagic delivery of peroxisomes to the lysosomes. 
We also expressed mRFP-EGFP-SKL in Ntera-2 cells and cal- 
culated the ratio of mRFP and EGFP intensities per cell after 
knockdown of ATG16L1 or ACBD5 (Fig. 9, C and D). This ex- 
periment confirmed the appearance of "red only" structures ex- 
clusively in the cells treated with control siRNA. The mRFP/EGFP 
ratio in the cells treated with siACBDS remained as low as that 
in the siATGMLl-treated cells, proving that ACBD5 plays an 
essential role in pexophagy. 

Because pexophagy decreases the abundance of peroxi- 
somes, it can also be monitored by the levels of peroxisomal 
marker proteins (e.g., catalase). This approach with catalase was 
recently used to assess basal pexophagy in HeLa cells (Huang 
et al., 2011; Deosaran et al., 2013). Efficient knockdown of 
ATG16L1 or ACBD5 in HeLa cells (Fig. S4 B) significantly 
increased the total fluorescence intensity of catalase (Fig. S5, 
A and B), confirming the requirement of ACBD5 for pexophagy. 
We modified this assay to measure peroxisome abundance in 
the primary fibroblasts of a human patient with a PBD caused 
by a missense mutation in the PEX16 gene (Ebberink et al., 
2010). To identify transfected cells, the mRFP-SKL plas- 
mid was cotransfected with siATG16Ll, siACBDS, or control 
siRNA. Then, the total fluorescence intensity of peroxisomally 
targeted mRFP-SKL per cell was used to measure peroxisome 
abundance. Blocking pexophagy via ATG16L1 or ACBD5 knock- 
down increased peroxisome abundance in patient fibroblasts 
(Fig. S5, C and D), which suggests that the lack of peroxisome 
proliferation in human cells can be compensated by the down- 
regulation of pexophagy. 



ATG37/ACBD5 is dispensable for 
aggrephagy and nonselective au'tophagy 

To consider ACBD5 for future therapeutic applications, it is 
important to know how the knockdown of ACBD5 affects other 
autophagic pathways. We studied the role of ACBD5 in the se- 
lective autophagy of protein aggregates (aggrephagy) and non- 
selective autophagy. For the aggrephagy assay, we expressed the 
EGFP-tagged mutant huntingtin exon 1 with 72 CAG repeats, 
EGFP-Htt-Q72, reported to form hyperfluorescent inclusions 
(Furlong et al., 2000). These bright protein aggregates were eas- 
ily detected in HeLa cells transfected with siATG7, but not with 
siACBDS or control siRNA, 2 d after transfection with EGFP- 
Htt-Q72 (Fig. 10, A and B). Therefore, ACBD5 is not required 
for aggrephagy. Consistent with this conclusion, HeLa cells 
treated with ACBD5 siRNA had the same levels of SQSTMl/ 
p62, the aggrephagy receptor that is degraded together with pro- 
tein aggregates (Bj0rk0y et al., 2005), as the cells treated with 
control siRNA (Fig. 10 C). In contrast, the knockdown of ATG7 
prevented degradation of SQSTMl, as expected. 

Next, we examined the role of ACBD5 in nonselective au- 
tophagy. The lipidation of mammalian orthologue of yeast Atg8, 
the microtubule-associated protein 1 Ught chain 3 (MAP1LC3 or 
LC3), is essential for mammalian autophagy (Tanida et al., 2004). 
To assess the role of ACBD5 in this process, we monitored the 
conversion of nonlipidated LC3-I to lipidated LC3-n by immuno- 
blotting. The transfection of HeLa cells with siATG7 increased the 
amount of LC3-I and decreased the amount of LC3-II, whereas 
siACBDS did not affect the lipidation of LC3 (Fig. IOC, compare 
short and long exposures). Because the levels of LC3-n correlate 
with the number of autophagosomes, we also tested the LC3- 
positive vesicle formation under starvation conditions. To visual- 
ize autophagosomes and autolysosomes with fluorescently tagged 
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Figure 1 0. ATG37/ACBD5 is dispensable for aggrephagy and nonselective autophogy. (A) ACBD5 is not required for the autophogy of Htt-Q72 aggre- 
gates in HeLo cells. Cells expressed EGFP-Htt-Q72. Arrows point to the EGFP-Htt-Q72 aggregates. Bar, 1 0 fjm. (B] Quantitation of data in A. The percent- 
age of cells with EGFP-Htt-Q72 aggregates is shown as the mean + SD (error bars; n > 50; *, P < 0.05 vs. siATG7]. (C) ACBD5 does not affect SQSTMl 
degradation and LC3 lipidation. Short, short exposure; Long, long exposure; p-Actin, loading control. (D) ACBD5 is dispensable for LC3-positive vesicle 
formation in HeLa cells expressing fluorescently tagged LC3. Cells were treated with 20 \ihA chloroquine in BBSS medium for 3 h and permeabilized with 
0.025% digitonin to enrich for the vesicle-bound LC3 (indicated by arrows). Bar, 10 pm. (E) Quantitation of data in D. The percentage of cells with the 
vesicle-bound LC3 is shown as the mean + SD (error bars; n > 75; *, P < 0.05 vs. siATGl 6L1]. 



LC3, Earle's Balanced Salt Solution (BBSS) medium was supple- 
mented with 20 (iM chloroquine to neutralize lysosomal pH. Cells 
were enriched for LC3-positive vesicles by permeabOization with 
0.025% digitonin, which allowed the removal of the nonlipidated, 
soluble form of LC3 from cells (Kaminskyy et al., 201 1). We found 
that ATG16L1 siRNA severely affected autophagosome formation 
in HeLa cells, whereas siACBDS did not interfere with this process 
(Fig. 10, D and E). Therefore, like yeast Atg37, human ACBD5 is 
dispensable for autophagosome formation. 

Collectively, we conclude that peroxisomal ATG37/ACBD5 
is specifically required for pexophagy in human cells. 



□iscussion 

In this study, we describe a new conserved autophagic protein, 
Atg37/ACBD5, specifically required for pexophagy. Like the 
pexophagy receptor, Atg30 (Farre et al., 2008), Atg37 is ex- 
pressed under peroxisome proliferation conditions, localizes to 
the peroxisomal membrane, and binds Pex3, but is not required 
for peroxisome biogenesis. Also, similar to Atg30 (Farre et al., 
2008), Atg37 is involved in the phagophore formation during 
pexophagy, but not in the Cvt pathway or nonselective autoph- 
agy. Atg30 and Atg37 interact and depend on each other. Atg30 
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assists in tiie localization of Atg37 at the peroxisome cluster pe- 
riphery where phagophore formation is initiated. In turn, Atg37 
assists Atg30 in the recruitment of Atgll to the pexophagic 
RPC. Therefore, Atg37 is also required for the Atg30 over- 
expression-induced pexophagy, but overexpression of Atg37 
itself neither induces, nor interferes with, pexophagy. Atg37 
binds palmitoyl-CoA, which competes with Atg30 for the bind- 
ing site. Importantly, Atg37/ACBD5 localization and function 
are conserved from yeast to human. 

At:g37 is a peroxisome membrane- 
associated acyi-CoA-binding protein 

Several lines of evidence suggest that Atg37 is an integral PMP: 
(I) Atg37 binds Pex3 in vitro and coimmunoprecipitates with 
Pex3 in vivo even in the absence of Atg30 or pexophagy signal- 
ing; (2) Atg37 cofractionates with Pex3 in the membrane organ- 
elle fraction and, like Pex3 (Wiemer et al., 1996), is resistant to 
carbonate extraction; and (3) Atg37 colocalizes with Pex3 on 
the peroxisomal membrane and becomes cytosolic after dele- 
tion of its TMD. Topology studies showed that the N-terminal, 
acyl-CoA-binding domain of Atg37 faces the cytosol, whereas 
the C terminus of the protein faces the peroxisomal matrix. Atg37 
is a functional acyl-CoA-binding protein, as it binds palmitoyl- 
CoA, and this binding requires the ACBS. The palmitoyl-CoA 
binding of Atg37 does not interfere with the Pex3 binding. Collec- 
tively, Atg37 is a new integral PMP with a cytosolic, acyl-CoA- 
binding domain. 

We also found that human ATG37/ACBD5 colocalizes with 
mRFP-SKL on peroxisomes, similar to mouse Acbd5 that colo- 
calizes with peroxisomal PMP70 (Wiese et al., 2007). Mouse and 
rat AcbdS proteins were originally identified in proteomic studies 
of kidney and liver peroxisomes, respectively (Kikuchi et al., 
2004; Wiese et al., 2007). Mutation in human ACBDS was ini- 
tially found in a family with an autosomal-dominant form of 
inherited thrombocytopenia 2 (Punzo et al., 2010). However, the 
disease was later shown to be caused by the mutations in the 
5' UTR of the ankyrin repeat domain 26 gene mapped adjacent 
to ACBDS (Pippucci et al., 2011). Like yeast Atg37, human 
ACBDS has a predicted acyl-CoA-binding domain at the N ter- 
minus of the protein with a conserved ACBS. We suggest that 
Atg37 and ACBDS belong to a new family of the peroxisome 
membrane-associated acyl-CoA-binding proteins. 

AtgST is specifically required for 
phagophore formation during pexophagy 

Atg30 (Farre et al., 2008) and Atg37 are the only two autopha- 
gic proteins known to localize to the peroxisomal membrane. 
However, neither of them is required for growth of cells under 
peroxisome proliferation conditions. They are also not redun- 
dant in peroxisome biogenesis, as the AatgSO Aatg37 double 
mutant grows, like WT cells, in both methanol and oleate media. 
Instead, Atg30 (Farre et al., 2008) and Atg37 are required for 
micropexophagy and macropexophagy, the two pexophagy 
modes that deliver peroxisomes to the yeast vacuole for degra- 
dation and recycling (Tuttle and Dunn, 199S). Micropexophagy 
and macropexophagy share the de novo formation of a mem- 
brane structure that sequesters peroxisomes from the cytosol. 



the phagophore (Mukaiyama et al., 2004). Like Atg30 (Farre 
et al., 2008), Atg37 is essential for phagophore formation dur- 
ing both pexophagy modes, as neither MIPA, nor pexophago- 
somes, are formed in the Aatg37 strain under micropexophagy 
or macropexophagy conditions, respectively. In contrast, phag- 
ophore formation during the Cvt and nonselective autophagy 
must happen independently of Atg30 (Farre et al., 2008) and 
Atg37 because these PMPs are not required for those pathways. 

The function of Atg37/ ACBDS in pexophagy is conserved 
from yeast to human. We provide several lines of evidence 
that human ACBDS is involved in basal pexophagy: (1) like 
ATG7 (Iwata et al., 2006), ACBDS is essential for the deliv- 
ery of peroxisomes to the lysosomes in HeLa cells; (2) similar 
to ATG16LI, ACBDS is essential for the delivery of peroxi- 
somes to the lysosomes in Ntera-2 cells; and (3) like ATG16L1, 
ACBDS controls the peroxisome abundance in HeLa cells. 
Moreover, knockdown of ACBDS increased the peroxisome 
abundance in the primary fibroblasts of a human patient with 
a mild defect of peroxisome proliferation caused by a missense 
mutation in the PEX16 gene (Ebberink et al., 2010). The same 
increase of peroxisome abundance in primary fibroblasts could 
also be achieved with siATG16Ll, but in contrast to the core 
autophagic proteins, such as ATG7 and ATG16L1 (Yang and 
Klionsky, 2010), ACBDS was dispensable for other forms of 
autophagy, including aggrephagy and nonselective autophagy. 
Therefore, ACBDS holds promise as a specific target for AD 
and the mild forms of PBD. 

Recently, the lack of ACBDS was reported to be associ- 
ated with retinal dystrophy, a major cause of blindness in indus- 
trialized countries (Abu-Safieh et al., 2013). Our studies suggest 
how the lack of ACBDS in the photoreceptor cells could cause 
a disease. The absence of ACBDS abrogates pexophagy. Over 
time, it would cause the accumulation of damaged and super- 
fluous peroxisomes, which generate the increased amounts of 
hydrogen peroxide. This hydrogen peroxide would increase the 
level of oxidative stress, which is known to cause the photo- 
receptor cell death (Chen et al., 2013). It remains to be tested 
whether pexophagy, like autophagy and mitophagy (Chen et al., 
2013), protects the retina from light-induced degeneration. 

At:g37 is a new component and regulator 
of the pexophagic RPC 

Several independent approaches proved a direct interaction be- 
tween the f! /jflitom Atg30 and Atg37 proteins: (l)Atg30 binds 
Atg37 in vitro, (2) Atg30 and Atg37 interact in the heterologous 
yeast S. cerevisiae (Y2H system), and (3) Atg30 and Atg37 are 
coimmunoprecipitated in vivo during pexophagy. However, 
Atg37 cannot be classified as another pexophagy receptor for 
several reasons. In contrast to all known pexophagy receptors, 
Atg30, Atg36, and NBRI (Farre et al., 2008, 2013; Motley 
et al., 2012; Deosaran et al., 2013), Atg37 does not interact with 
the phagophore protein, Atg8. Second, the overexpression of 
Atg37 does not induce pexophagy under peroxisome prolifera- 
tion conditions. Finally, the AatgSO mutant is completely 
blocked in pexophagy even after prolonged incubation of cells 
under pexophagy conditions (unpublished data), demonstrating 
that no other protein is able to substitute for Atg30. 
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The possibility exists that we are still missing a strictly 
pexophagy-specific mammalian receptor, the counterpart of yeast 
Atg30. Indeed, besides its recently established role in pexophagy 
(Deosaran et al., 2013), NBRl together with another aggrephagy 
receptor, SQSTMl, is also required for the selective autophagy of 
ubiquitinated protein aggregates (Kirkin et al., 2009). Moreover, 
NBRl also serves as the midbophagy receptor via direct binding 
to the midbody protein, CEP55 (Kuo et al., 2011). Additionally, 
NBRl can also localize to the late endosomes and participate in 
the endocytic trafficking (Mardakheh et al., 2009, 2010). There- 
fore, ACBD5 is currently the only strictly pexophagy-specific 
protein identified in mammals. Because of its acyl-CoA-binding 
domain, it is also an excellent drug target for treatment of AD and 
the mild forms of PBD. 

We suggest that Atg37/ACBD5 constitutes a new func- 
tional unit of the pexophagic RPC required for the recruitment 
of the autophagic scaffold protein. Indeed, in the absence of 
Atg37, Atg30 was unable to recruit Atgll to the peroxisomes. 
Our studies also suggest a mechanism for how the pexophagic 
RPC could be regulated at the level of Atg37. Palmitoyl-CoA and 
Atg30 compete for the same binding site on Atg37. Several lines 
of evidence suggest that the ACBS serves as the 30BS: (I) the 
acbs mutant of Atg37 does not bind Atg30 in vitro, (2) the Atg30 
and Atg37 in vitro binding is inhibited by palmitoyl-CoA, and 
(3) the acbs mutant of Atg37 and AatgSO cells has the same phe- 
notype in vivo (mislocalization of Atg37, block of phagophore 
formation, and deficient pexophagy). Therefore, the spatiotempo- 
ral increase in the palmitoyl-CoA can potentially displace Atg37 
from Atg30 and lead to the disengagement of Atgl 1. Our study 
identifies the peroxisomal acyl-CoA-binding protein, Atg37, as 
a new component and positive regulator of the RPC required for 
phagophore formation during pexophagy. 

Materials and methods 

Yeast cells and transformation 

We used the P. pastoris strains and plasmids (Table SI). Cells were grown 
to late exponential phase in YPD (1 % wt/vol yeast extract, 2% wt/vol pep- 
tone, and 2% wt/vol glucose) medium, diluted 25-50 fold with fresh YPD, 
and grown to the eorly/nnid-exponential phase. Cells were washed twice 
with YNB solution (1 .7 g/liter yeast nitrogen base without annino acids and 
annnnoniunn sulfate) and inoculated into peroxisome proliferation (methanol 
or oleate) medium. To induce pexophagy, methanol-grown cells were 
washed twice with YNB solution and inoculated into pexophagy (ethanol 
or glucose) medium. All peroxisome proliferation and pexophagy medio 
were prepared in YNB solution. Histidine (50 mg/liter) and/or orginine 
(50 mg/liter) were added when needed. All peroxisome proliferation, but 
not pexophagy, media contained 0.057o wt/vol yeast extract. The concen- 
tration of carbon sources were: 0.5% vol/vol methanol, 0.5% vol/vol ole- 
ate, 0.5% vol/vol ethanol, or 2% wt/vol glucose. The oleate stock emulsion 
contained 20% vol/vol oleate and 0.5% vol/vol Tween-80. The concentra- 
tion of nitrogen sources was 0.25% or 0.5% wt/vol ammonium sulfate. 
Cells were transformed by electroporation, as described previously (Cregg 
and Russell, 1998). 

Construction of Aatg37 cells 

The deletion cassettes containing a 796-bp fragment upstream of the 
ATG37 ORF, the geneticin or zeocin resistance gene, and a 483-bp frag- 
ment downstream of the ATG37 ORF were created to knock out the ATG37 
ORF by the gene replacement method. The ATG37gene was deleted in the 
WT strain and the Aatg37 mutant was verified by PCR. 

Protein purification 

Pex3-TAP was purified from the SMY154 strain (Table SI) as follows. 
Overnight methanol-grown cells were lysed in Dounce buffer (50 mM 



2-[N-morpholino]ethanesulfonic acid, pH 6.0, 5 mM EDTA, 1 % ethanol, and 
1 M sorbitol) containing protease inhibitors (Roche). Differential centrifuga- 
tion was performed to enrich the organelle fraction (20 min at 4,500 g 
to eliminate cell debris and nuclei, followed by 30 min at 100,000 g to 
collect the pellet). The organelle fraction was solubilized in Dounce buf- 
fer containing ]% CHAPS and cleansed by 30 min of centrifugotion at 
1 00,000 g and overnight dialysis (12-14 kD mol wt cutoff). The Pex3-TAP 
complex in the diolysote was purified by affinity chromatography using 
immunoglobulin-G agarose beads (A2909; Sigma-Aldrich). After a wash with 
IPP150 buffer (10 mM Tris-CI, pH 8.0, 150 mM NoCI, and 0.1% NP-40), 
the complex was released from beads by digestion with tobacco etch virus 
enzyme (10127-017; Invitrogen). The resulting Pex3 complex was further 
purified using calmodulin beads (214303; Strotagene) in calcium-containing 
binding buffer (IPP150 buffer plus 10 mM p-mercaptoethonol, 1 mM mag- 
nesium acetate, 1 mM imidazole, and 2 mM CaCl2), and finally released 
by the EGTA-contoining elution buffer (binding buffer with 2 mM CaCl2 
replaced by 5 mM EGTA). 

Atg37AC, Pex3AN and AtgSO were cloned into the pETDuet-1 
(EMD Millipore), pGEX-KG, and pGEX-2TK (GE Healthcare) expression 
vectors, respectively. His-Atg37AC (WT and acbs mutant), GST-Pex3AN, 
GST-Atg30, and GST were purified according to Recombinant Protein Puri- 
fication Handbook (GE Healthcare). In brief, to purify His-Atg37AC (WT 
and acbs mutant), we used the Escherichia coli BL21 (DE3) cells and 
Ni-NTA affinity chromatography. Cells were induced with 0.4-0.5 mM IPTG 
for 3 h and recombinant proteins were purified using the Ni-NTA agarose 
(302 1 0; QIAGEN). Cells were resuspended in lysis buffer (50 mM Tris-CI, 
pH 7.5, and 300 mM NaCI) and disrupted by sonication. The 10,000 g 
supernatant was allowed to bind to the Ni-NTA agarose. The beads were 
washed twice with lysis buffer containing 10 mM and 50 mM imidazole, 
respectively, and bound protein was collected using elution buffer (300 mM 
imidazole in 50 mM Tris-HCI, pH 7.5). For the purification of the acbs 
mutant, cells were resuspended in lysis buffer with 6 M urea and bound 
protein was eluted in elution buffer with 1 M urea. 

To purify GST-Pex3AN, GST-Atg30, and GST proteins, we used the 
E. coli Rosetta (DE3) cells and Glutathione affinity chromatography. Cells 
were induced with 0.3-0.5 mM IPTG for 3-4 h, and recombinant proteins 
were purified using Glutathione Sephorose 4B media (17-0756-01; GE 
Healthcare). Cells were resuspended in lysis buffer (50 mM Tris-CI, pH 7.5, 
150 mM NoCI, and 0.05% NP-40) and disrupted by sonication. The 
1 0,000 g supernatant was allowed to bind to the Glutathione Sephorose 4B 
media. The beads were washed with lysis buffer, and bound protein was 
collected using elution buffer (10 mM reduced L-Glutathione in 50 mM Tris- 
HCI, pH 8.0). 

Acyl-CoA in vitro binding assay 

Recombinant His-Atg37AC (WT and acbs mutant) and GST-Atg30 were 
purified, OS described above. Then they were mixed at a final concen- 
tration of 0.07 pM with increasing concentrations of ['''C]palmitoyl-CoA 
(NEC555010UC; PerkinElmer) or ['''C]oleoyl-CoA (NEC651A010UC; 
PerkinElmer) ranging from 1 .5 pM to 9.0 pM in 100 pi of binding buffer 
(10 mM potassium phosphate, pH 7.4). The reaction mixture was incu- 
bated for 30 min at 30°C. Tubes were kept on ice for 10 min and mixed 
with 600 pi of ice-cold 50% slurry of lipidex-1 000 (6008301 ; PerkinElmer) 
in binding buffer to bind unbound ocyl-CoA. The samples were incubated 
on ice for 10 min and centrifuged at 1 2,000 g for 5 min at 4°C, and 
200 pi of supernatant (bound acyl-CoA) was taken for analysis of radioac- 
tivity counts. Assays were performed in triplicate with protein samples and 
blanks at each concentration of acyl-CoA. Radioactivity counts of blanks 
were subtracted from the counts of samples. 

Protein in vitro binding assay 

Recombinant His-Atg37AC (WT and acbs mutant), GST-Pex3AN, GST- 
AtgSO, and GST were purified as described above. For the Atg37AC and 
PexSAN binding assay, we mixed 56 pmol of His-Atg37AC (0.28 pM) and 
14 pmol of GST-Pex3AN or GST (0.07 pM) in 200 pi. For the Atg37AC 
and AtgSO binding assay, we mixed 56 pmol of His-Atg37AC (0.28 pM) 
and 28 pmol of GST-Atg30 or GST (0.14 pM) in 200 pi. The reaction was 
performed in the binding buffer (20 mM Tris-CI, pH 7.5, 1 50 mM NaCI, and 
0.05% vol/vol NP-40) for 1 h at 4°C. The binding buffer also contained 0, 
36, or 360 pM palmitoyl-CoA (87071 6P; Avonti Polar Lipids, Inc.). Then, 
50 pl of reaction volume was taken as input and 150 pi was incubated 
overnight at 4°C with 50 pl of washed Glutathione Sephorose 4B medio 
(17-0756-01; GE Healthcare) to bind GST-togged proteins. The next day, 
50 pl of the supernatant was used as the unbound fraction. GST-togged pro- 
teins bound to Glutathione Sephorose beads were washed three times with 
binding buffer, each time with a 5-min rotation at 4°C. Bound proteins were 
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eluted with 1 50 pi of 2x SDS loading buffer and boiled for 5 min. Input and 
unbound samples were mixed separately with 6x SDS loading buffer and 
boiled for 5 min. Samples were analyzed by immunoblotting. 

Protein interactions in Y2H system 

We used the GA/.4-based Matchmaker Y2H system (Takara Bio Inc.). Full- 
length or truncated ORFs were inserted in activation domain (pGAD-GH) 
or DNA binding domain (pGBT9] vectors as indicated in the figures. 

Immunoprecipitation of proteins 

150 CD of cells were induced in methanol medium for 4 h (HA IPs). 
Alternatively, cells were grown in methanol medium for 16 h and trans- 
ferred to glucose medium for 0.5 h (25 or 1 50 OD of cells were taken for 
mCherry or HA IPs, respectively). Cells were pelleted and resuspended 
in 0.25 (mCherry IPs) or 1 (HA IPs) ml of IP buffer (0.5% vol/vol NP-40, 
50 mM Hepes-KOH, pH 7.4, 50 mM NoCI, 1 mM EDTA, 10% vol/vol 
glycerol, 10 mM NaF, and 1 mM protease inhibitors). Protease inhibi- 
tors used were: PMSF, leupeptin, aprotinin, and a protease inhibitor cock- 
tail. Then, 125 (mCherry IPs) or 250 (HA IPs) pi of glass beads were 
added and the mixture was frozen for 1 h at — 80°C. To break the cells, 
samples were thawed on ice followed by 10 cycles of vortexing (2 min 
at maximum speed followed by 2 min on ice). Cell debris was removed 
by centrifugation at 21,000 g for 10 min. For mCherry IPs, cell lysotes 
were incubated for 1 h at 4°C with 50 pi of washed GammaBind G Sep- 
harose (17-0885-02; GE Healthcare) to preclear the lysote of proteins 
that bind Sepharose nonspecifically. 10 pi of precleored lysate or 25 pi 
of lysate was token as the input sample, diluted 20 or 8 times, mixed 
with 2x or 6x SDS loading buffer, and boiled for 5 min for mCherry 
or HA IPs, respectively. For HA IPs, the rest of the cell lysate was incu- 
bated 4 h at 4°C with 50 pi of washed EZview Red Anti-HA Affinity Gel 
(E6779; Sigma-Aldrich) to bind HA-tagged protein. For mCherry IPs, the 
remaining 240 pi of precleored lysate was incubated overnight at 4°C with 
10 pi of a-DsRed polyclonal antibody (632496; Takara Bio Inc.). To pull 
down antibody with mCherry-AtgS, 50 pi of washed Sepharose was 
added to the lysate and incubated for 1 h at 4°C. For all IPs, the beads 
were washed three times with IP buffer. For mCherry IPs, bound proteins 
were eluted with 50 pi of 2x SDS loading buffer and boiled for 5 min. For 
HA IPs, bound proteins were eluted with 200 pi of 0.1 M glycine-HCI, 
pH 2.5, and neutralized with a 2 M Tris base. Then, input and elution 
fractions were mixed separately with 6x SDS-loading buffer and boiled for 
5 min. Samples were analyzed by immunoblotting. 

Immunoprecipitation of Atg30-TAP was performed as described 
previously (Farre et al., 2008). In brief, cells were grown in methanol 
medium for 1 6-1 8 h and transferred to glucose medium without nitrogen for 
0.5 h. For extraction, 50 OD of cells were washed in Dulbecco's PBS (BRL 
14190; Gibco), lysed as above with 250 pi of glass beads in 1 ml of IP 
buffer (1% wt/vol CHAPS, 50 mM Hepes-KOH, pH 7.2, 150 mM NaCI, 
1 mM EDTA, 1 0% vol/vol glycerol, 50 mM NaF, and 1 mM protease inhib- 
itors, OS above), and centrifuged at 500 g for 1 0 min. The supernatant was 
incubated at 4°C for 30 min with rotation to solubilize membrane proteins 
and centrifuged at 2 1 ,000 g for 1 0 min. Cleared cell lysate was incubated 
1 h at 4°C with 100 pi of washed human IgG-agarose (A6284; Sigma- 
Aldrich). Then, beads were washed five times with IP buffer, mixed with 
100 pi of 2x SDS-loading buffer, and boiled for 5 min. Samples were 
analyzed by immunoblotting with input and IP corresponding to 0.2 and 
7.5 OD of cells per lane, respectively. 

Phosphatase treatment 

10 OD of cells were induced in methanol medium for 4 h. Cells were pel- 
leted and resuspended in 200 pi of IP buffer, which contained 500 mM 
NaCI and 50 mM NoR Then, 100 pi of glass beads were added and the 
mixture was frozen for 1 h at -80°C. Cell breakage and removal of debris 
was as above. The cell lysates were mixed with 40 pi of 6x SDS-loading 
buffer and boiled for 5 min. Then, 10 pi of boiled lysates were added to 
40 ml of potato acid phosphatase (PAP) buffer (50 mM MES, pH 6.0, 
1 mM DTT, and 1 mM protease inhibitors as above) containing 1 U of PAP 
(P3752; Sigma-Aldrich) and incubated for 2 h at 30°C. The reaction mix- 
tures were boiled for 5 min with 10 pi of 6x SDS loading buffer and ana- 
lyzed by immunoblotting. 

Cellular fractionation and carbonate treatment 

375 OD of cells were induced in methanol medium for 4 h. Cells were pel- 
leted and washed twice with water. Cells were resuspended in 4 ml of Zy- 
molyase buffer (0.5 M KCI, 5 mM MOPS-KOH, pH 7.2, and 10 mM 
Na2S03) with 0.5 mg Zymolyase lOOT per gram of cells. Cells were incu- 
bated for 30 min at 30°C, 80 rpm, and spheroplasts were pelleted at 



2,200 g for 8 min at 4°C. Spheroplasts were washed with 3 ml of homog- 
enization buffer (5 mM MES-KOH, pH 5.5, and 1 M sorbitol) per gram of 
cells. 20 firm strokes were applied in a Dounce homogenizer to break the 
spheroplasts in the presence of ice-cold homogenization buffer containing 
protease (1 mM PMSF, leupeptin, aprotinin, and protease inhibitor cock- 
tail) and phosphatase (50 mM NaF) inhibitors. The unbroken spheroplasts, 
cell debris, and nuclei were removed by two sequential centrifugations at 
1 ,000 g for 1 0 min at 4°C. After the second centrifugation the supernatant 
was considered to be the postnuclear supernatant (PNS). Centrifugation of 
the PNS at 27,000 g (Optima Mox-E, Beckmon Coulter) generated super- 
natant (27S) and pellet (27P). The 27P was resuspended in salt (1 M 
NaCI), carbonate (100 mM NazCOj in 1 0 mM Tris-HCI, pH 1 1 .5), or de- 
tergent (2% Triton X-100 in 1 M NoCI) and incubated for 30 min at 4°C 
with rotation. Samples were centrifuged at 200,000 g (Optima Max-E, 
Beckman Coulter) to generate high-speed supernatant (S) and pellet (P), 
which were analyzed by immunoblotting. 

Protease protection 

The 27P fraction was isolated from the PNS of cells induced in methanol 
medium for 4 h, as described above. However, for protease protection 
analysis, homogenization buffer did not contain PMSF and NaF. The 
27P was resuspended in ice-cold homogenization buffer with leupeptin, 
aprotinin, and protease inhibitor cocktail to a final concentration of 
1 pg/pl. Proteinase K (160 pg) and trypsin (80 pg) were added to 
400 pg of the pellet fraction in the presence or absence of 0.5% Triton 
X-100. Aliquots were token after incubation at RT for the indicated times. 
12.5% TCA was added to terminate reactions. Samples were analyzed 
by immunoblotting. 

Fluorescence microscopy 

0.1 ml of cell culture was collected and kept on ice before observation. 
For slides, 5 pi of cell culture was mixed with 5 pi of 1% low-melt agarose 
kept at 37°C. Images were captured at RT using a motorized fluorescence 
microscope (Axioskop 2 MOT) with a Plan-Apochromat lOOx/1 .40 NA oil 
differential interference contrast (DIC) objective lens and monochrome digi- 
tal camera (AxioCam MRm; all from Carl Zeiss). Optimal exposition times 
were automatically applied to capture images. Z-stock images (25 slices, 
0.255 pm opart) were used to prove Atg37-GFP localization in the middle 
of the peroxisome cluster. All images were acquired and processed using 
the AxioVision software (Carl Zeiss), versions 4.7.1 and 4.8.2, respectively. 
Additionally, we used version 10.0 of Photoshop CSS Extended (Adobe). 

Biochemical studies of pexophagy 

The AOX plate assay was performed as described previously (Stasyk et ol., 
2008). In brief, cells were replica plated twice: from YPD to methanol 
medium for 2 d and from methanol to glucose or ethanol medium for 14 or 
1 7 h, respectively. Then, the glucose and ethanol plates were overlaid with 
10 ml of the AOX activity assay mixture (50 mM Tris-HCI, pH 8.0, 
0.5 mg/ml 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) or 
ABTS), 1 mg/ml digitonin, 0.3% (wt/vol) low melt agarose, 6 lU/ml per- 
oxidase, and 1 % (vol/vol) methanol). The last two components were added 
to the mixture after it was boiled and cooled to 37°C. The mixture was al- 
lowed to set on top of the plates and the plates were incubated at 30°C 
until the biomass of pexophagy mutants was stained green due to a high 
residual activity of the peroxisomal AOX. 

For pexophagy assays in liquid culture, yeast cells were pregrown 
in YPD, OS above. Cells were washed twice with YNB solution and trans- 
ferred to 25 ml of methanol medium with a starting OD^oo of 0.3 for 15 h. 
Then, cells were washed twice with YNB solution and transferred to 
25 ml of ethanol medium without nitrogen (SE-N) at an OD^oo of 2. At 
each time-point, 1 ml culture samples were taken and TCA precipitated, 
as described previously (Baerends et al., 2000). Samples were analyzed 
by immunoblotting. 

MlPA and pexophagosome formation 

Endogenously expressed GFP-Atg8 and mCherry-Atg8 or GFP-Atg26 ex- 
pressed from the promoter of the GAPDH gene were used as the phogo- 
phore markers. Cells expressing mCherry-Atg8 were grown in methanol 
medium and cells with GFP-Atg8 or GFP-Atg26 were grown in methanol 
medium with 2.5 pg/ml of FM 4-64 (T-3166; Invitrogen) for 15 h, trans- 
ferred to glucose or ethanol medium for 1 h, and analyzed by fluores- 
cence microscopy. 

Cvt and autophogy assays in yeast cells 

The prApel maturation and GFP-Atg8 processing assays were used as 
described previously (Nozarko etal., 2009). In brief, for both assays, cells 
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were pregrown twice in YPD, washed twice with YNB solution, and trans- 
ferred to glucose medium at an ODioo of 0.03-0. 1 for 13-14 h. Samples 
corresponding to 1 ODjoo of cells were token to study prApel maturation 
in growth conditions. To study prApel maturation and GFP-Atg8 process- 
ing under starvation conditions, cells were washed and transferred to 
the glucose medium without nitrogen (SD-N). Samples corresponding to 
1 ODioo of cells were taken after 6 h to study prApel maturation in starva- 
tion conditions. 1-ml culture samples were used to study GFP-Atg8 process- 
ing during a 0-4-h time-course in SD-N. 

To examine cell viability under nitrogen starvation conditions, 
cells were grown in YPD medium, as described above. Cells were 
washed twice with YNB solution and transferred to 50 ml of glucose me- 
dium with a starting OD^oo of 0.1 for 15 h. Then, cells were washed 
twice with YNB solution and transferred to 50 ml of fresh SD-N at on 
ODioo of 1 . At each time point, 0.1 -ml culture samples were token, di- 
luted, and plated on YPD plates in triplicate. Colonies were counted 
after 2-3 d of incubation at 37°C. 

Human cells and transfection 

Human cervical carcinoma cell line, hIeLa (DSM ACC 57), and human 
neuronolly committed teratocarcinoma cell line, Ntera-2 (American Type 
Culture Collection CRL-1973), were maintained in DMEM medium sup- 
plemented with 10% FBS and antibiotics in 5% CO2 at 37°C. For gene 
knockdown, we used the ON-TARGETplus SMARTpool series of siRNAs 
from Thermo Fisher Scientific: s/ATGZ (L-0201 1 2-00-0005), siATGldLl 
(L-02 1033-01 -0005), and siACBDS (L-01 61 83-02-0005). These products 
represent gene-specific pools of four individual siRNAs per gene with mini- 
mized off-target effects. As a negative control, we used the ON-TARGET- 
plus Non-targeting Pool (D-OOl 81 0-1 0-05; Thermo Fisher Scientific). For 
transfection of siRNA, cells were seeded onto coverslips in 6-well plates. 
The next day, cells were tronsfected with 24 pmol of siRNA and 4 fjl 
of Lipofectomine RNAiMAX (1 3778030; Invitrogen) in a total volume of 
400 pi of the serum-free medium, and grown for 3 d. siRNA efficiency was 
examined by immunoblotting and/or immunofluorescence microscopy with 
rabbit anti-ATG7 (2054-1; Epitomics), anti-ATG16Ll (HPA012577; Sigma- 
Aldrich), or anti-ACBD5 (HPA011861; Sigma-Aldrich) antibodies. Transfec- 
tion of hIeLa and Ntera-2 cells with mRFP-SKL (provided by J.C. Farre, Uni- 
versity of California, San Diego, La Jolla, CA ; pJCF395), mRFP-EGFP-SKL 
(pAT003), pEGFPcl-hltt-Q72 (provided by D. Rubinsztein, University of 
Cambridge, Cambridge, England, UK; Furlong etal., 2000), or mTagRFP- 
mWasabi-LC3 (provided by J. Lin, Peking University, Peking, China; Zhou 
et al., 201 2) plasmid DNA was performed using X-tremeGENE 9 DNA trans- 
fection reagent (06365787001 ; Roche) 1 d after the transfection with siRNA. 
Primary fibroblasts of patients with PBD (provided by S. Ferdinandusse, Uni- 
versity of Amsterdam, Amsterdam, Netherlands; Ebberink et oL, 2010) 
were grown as described above. Cotransfection of siRNA and plasmid 
DNA was performed using Basic Fibroblasts Nucleofector kit (VPI-1002; 
Lonzo). Fibroblasts were analyzed for intensity of mRFP-SKL 4 d after trans- 
fection with siRNA. 

Tandem fiuorochrome pexophagy assay 

This assay is a variation of a recently published method (Deosaron 
et al., 201 3) and is based on the differential stability of mRFP and EGFP 
variants under acidic conditions. HeLa and Ntera-2 cells were tronsfected 
with siRNAs and mRFP-EGFP-SKL plasmid, as described above. 2 d after 
the first transfection, HeLa cells were cultured in the presence of lyso- 
somal inhibitors, 120 (jM leupeptin (l-2023; Sigma-Aldrich) and 2 pM 
E-64 (ALX-260-007; Enzo Life Sciences), for another 24 h. After incuba- 
tion, cells were washed in PBS and fixed by 4% PFA in PBS for 15 min 
at RT. Images were captured and processed, as described above. The 
number of HeLa cells with mRFP-labeled autolysosomes due to lysosomal 
delivery of the peroxisomal reporter, mRFP-EGFP-SKL, was counted and 
presented as a percentage. At least 50 cells per treatment were counted 
in two independent experiments. Alternatively, the mRFP and EGFP in- 
tensities per cell in Ntera-2 cells were automatically quantified and pre- 
sented as a ratio. 

Automated image analysis of peroxisome abundance 

HeLa cells were tronsfected with siRNAs, and primary fibroblasts were 
tronsfected with siRNAs and mRFP-SKL plasmid, as described above. After 
incubation, cells were washed in PBS and fixed by 4% PFA in PBS for 1 5 min 
at RT. For measurement of catolose intensity, fixed cells were permeobi- 
lized using 0.1% vol/vol Triton X-100 in PBS, blocked using 1% wt/vol 
BSA and 0. 1 % vol/vol Triton X-1 00 in PBS, and stained for 1 h with rabbit 
onti-catolose antibody (2 1 901 0; EMD Millipore). Then, cells were washed 
and stained for 1 h with peroxidose-conjugated goat anti-rabbit secondary 



antibody (172-1019; Bio-Rod Laboratories). Nuclei were stained with 
DAPI (10236276001; Roche). Images were captured and processed, as 
described above. The some optimized exposition times and linear dis- 
play settings were applied to all images in a series. Automated image 
analysis was performed using the CellProfiler software (Carpenter et ol., 
2006) and self-made analysis pipelines. In short, nuclei served as seed 
regions to identify cytoplasm using a threshold method for the readout 
channel. Fluorescence intensity in at least 10 individual fields of view 
was analyzed on o single cell level using the measurement module of 
CellProfiler. The mRFP-SKL intensity measurement in primary fibroblasts 
was performed after manual cropping in at least 20 individual images 
per treatment. 

Aggrephagy assay of mutant huntingtin 

HeLa cells were tronsfected with siRNAs and EGFP-Htt-Q72 plasmid, as 
described above. 2 d after the first transfection, cells were treated over- 
night with 20 pM MG132 (C221 1; Sigma-Aldrich) to inhibit proteasomal 
degradation. In the morning, cells were washed in PBS and fixed by 4% 
PFA in PBS for 15 min at RT. Images were captured and processed, as de- 
scribed above. The number of cells with EGFP-Htt-Q72 aggregates was 
counted and presented as a percentage. At least 50 cells per treatment 
were counted in two independent experiments. 

LCS-positive vesicle formation 

HeLa cells were tronsfected with siRNAs and mTagRFP-mWasabi-LC3 plas- 
mid, OS described above. Transfection efficiency of the plasmid was 
assessed visually (>60% and identical for oil wells). 3 d after siRNA trans- 
fection, cells were starved for 3 h in EBSS medium (14155-063; Life Tech- 
nologies) in the presence of 20 pM chloroquine (tirl-chq; InvivoGen), which 
was added to neutralize lysosomal pH and visualize both outophogosomes 
and autolysosomes (Klionsky et ol., 201 2). Cells were permeabilized with 
0.025% digitonin in PBS for 5 min to wash out cytosolic LC3 protein and 
enrich for the vesicle-ossocioted LC3 (Kominskyy et al., 201 1). Then cells 
were washed in PBS and fixed by 4% PFA in PBS for 1 5 min at RT. Images 
were captured and processed, as described above. The number of cells 
with vesicle-bound LC3 was counted and presented as a percentage of 
75-200 cells per treatment. 

LC3 lipidation and SQSTM1 degradation 

HeLa cells were tronsfected with siRNAs, as described above. 3 d after 
siRNA transfection, cells were lysed, and levels of SQSTMl, LC3-I, and 
LC3-II were analyzed by immunoblotting with rabbit onti-SQSTMl 
(PM045; MBL International Corporation) and mouse anti-LC3 (0231- 
1 00/LC3-5F 1 0; NonoTools) antibodies. p-Actin served as a loading 
control and was detected with mouse anti-(3-Actin (A5441; Sigma- 
Aldrich) antibody. 

Statistical analysis 

Statistical testing was performed using a two-toiled Student's ttest (unpaired). 
The critical significance level a was set to 5% (*, P < 0.05). Quantitations of 
data are presented as the mean, with error bars representing SD. 

Online supplemental material 

Fig. SI shows supplemental data on Atg37 modification, interaction, and 
the role in phogophore formation. Fig. S2 shows that Atg37 binds Pex3, but 
not Atg8, under pexophagy conditions. Fig. S3 shows a multiple sequence 
alignment of Atg37 orthologues. Fig. S4 shows that ATG37/ACBD5 local- 
izes to peroxisomes in human cells. Fig. S5 shows supplemental data on 
the role of ATG37/ACBD5 in pexophagy. Table SI lists P. pastoris strains 
and plosmids used in this study. Online supplemental material is available 
at http://www.icb.org/cgi/content/full/icb.201307050/DCl . 
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